Introduction
Production of red blood cells (erythropoiesis) is an essential step in vertebrate embryogenesis making it possible to advance from diffusion-restricted-to circulationassisted-growth. In the mouse embryo, primitive erythropoiesis is initiated in the yolk sac around embryonic day (E) 7.5. Yolk sac derived erythrocytes are large, nucleated cells that do not complete the final stages of normal adult erythropoiesis 1 . Around E9.5 erythropoiesis is initiated in the fetal liver 2, 3 , concurrently the yolk sac gradually becomes less important for erythropoiesis and around E14.5 90% of the erythrocytes present in circulation are of fetal liver origin 4, 5 . The generation of mature erythrocytes involves the commitment of pluripotent hematopoietic stem cells progressing through
BFU-E and CFU-E progenitor cell stages, proerythroblast and several erythroblast stages ultimately terminating into mature enucleated erythrocytes. Moreover, the development of fetal liver erythropoiesis is considered to proceed through two distinct phases: the first phase (E11-13) in which erythroid maturation proceeds in the absence of macrophages and the second phase involving the establishment of erythroblastic islands, consisting of a central macrophage surrounded by erythroblasts 6 . The central macrophages of the erythroblastic islands have been suggested to induce several key biological processes in the erythroid precursors including proliferation and differentiation, prevention of apoptosis and promotion of erythroblast enucleation 7 .
Furthermore, recent studies suggest that failure of definitive erythropoiesis in Deoxyribonuclease (DNase) II deficient mice is due to impaired erythroblast enucleation, caused by inability of the central macrophages to digest nuclear DNA expelled from erythroblasts 8, 9 .
The conserved Mitogen Activated Protein Kinase (MAPK) family members JNK and p38 have been implicated in stress and proinflammatory signal transduction and recently in erythropoiesis [10] [11] [12] . A number of cytokines are involved in the 5 kinases in definitive erythropoiesis in vivo difficult to study further. We have investigated the role of the JNK activating kinase MEK kinase 1 (MEKK1) in development. Mice deficient in MEKK1 kinase activity (Mekk1 ∆KD mice) were generated and are alive and fertile on a C57/BL6x129 background 17, 18 . Unexpectedly, when backcrossing the Mekk1 ∆KD/+ heterozygots into the C57/BL6 background we observed a dramatic decrease in the frequency of live Mekk1 ∆KD embryos that develop past E14.5. At E14.5 all mutant embryos studied, although morphologically normal, were anemic and showed defective definitive erythropoiesis with accumulation of nucleated late erythroblasts.
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Materials and Methods

Mice Mekk1
∆KD ,
Jnk1
-/-and Jnk2 -/-mice have been described previously 15, 18, 19 .
The Mekk1 ∆KD Jnk1 -/-and Mekk1 ∆KD Jnk2 -/-mice were obtained by crossing
Mekk1
∆KD/+ (C57BL/6 x 129/F1) with Jnk1 -/-(C57BL/6) or Jnk2 -/-(C57BL/6) mice.
∆KD/+ (C57BL/6 x 129/F1) were backcrossed to C57BL/6 for 8 generations.
Mouse tail DNA was prepared from ~1 mm tail snips of embryos and 4-week-old progeny. Genotyping was performed by PCR analysis of tail-and embryo-derived DNA.
Tissue staining
For endothelial stainings, E13.5 sections of acetone fixed paraffin embedded mouse embryos were stained with MECA-32 Rat IgG 2a (B&D Biosciences, San Jose, CA) against mouse pan-endothelial cell antigen followed by biotin anti-rat antibody and enhanced using the TSA system as described by the manufacturer (NEN, Boston, Ma 
Quantitative PCR
Quantitative PCR based measurement of RNA abundance was carried out using gene- 
Macrophage phagocytosis assay
Fetal liver cells were isolated from E13. and allowed to attach to plastic (12 well dishes) for 90 minutes at 37°C in 5% CO 2 .
Adherent macrophages (obtained by washing wells in RPMI to remove nonadherent cells.) were offered an excess of latex beads (Sigma) and further incubated in complete medium for three hours. Macrophages were washed in RPMI and stained with hematoxylin. The number of phagocytosed beads/cell were determined by phase contrast microscopy.
Reconstitution of FLM-erythroblast clusters
Clusters composed of FLMs and erythroblasts were isolated as described 21 antibody (Caltag) followed by visualization using the tyramide amplification system as recommended by the manufacturer, and streptavidine coupled to Alexa 488 (Molecular Probes). Figure 1B , Table 2 ). The altered blood picture correlated with a decrease in the total amount of circulating erythrocytes in Mekk1
Results
Mekk1
∆KD
and Mekk1 ∆KD Jnk2 -/-embryos ( Figure 1C ). These data show that Mekk1 ∆KD and
Mekk1
∆KD Jnk2 -/-fetuses are severely anemic just prior to their death. 
Jnk2
-/-and wt mice (data not shown). These data suggests that redundancy between the JNK isoforms may compensate for the loss of either JNK1 or JNK2 also during hematopoiesis.
P38 deficient mice are anemic and succumb, in two separate waves of embryonic lethality 10, [22] [23] [24] . A fraction of the embryos develop past E16.5 where they die due to failed erythropoiesis 10 . However, the first critical time point occurs around E12.5.
Two independent studies 22, 23 have suggested that the early lethality is due to placental insufficiencies. Both studies noted an abnormal morphology with reduction in the labyrinthine layer and lack of intermingling embryonic and maternal blood vessels consistent with a lack of normal vascularization. We found no abnormalities in the morphology of placentas from Mekk1 ∆KD or Mekk1 ∆KD Jnk2 -/-fetuses on E13.5. Gross morphology as well as closer examination revealed normal layer organization with fetal blood vessels penetrating into the labyrinthine and spongiotrophoblast layers.
Neither could we observe any differences in endothelial development between wt,
Mekk1
∆KD and Mekk1 ∆KD Jnk2 -/-fetuses as judged by immunohistochemical staining ( Figure 1D ).
Defective definitive erythropoiesis in Mekk1
∆KD embryos.
We examined fetal liver hematopoiesis in E13. -/-fetal livers ( Figure 2B ). As the β (Figure 3 A and B) . To confirm that the RNA expression levels were reflected at the protein level we performed western blot analysis of fetal liver protein extractions for SCF and erythropoietin, as well as immunohistochemistry for SCF. No differences were found (data not shown).
major -globin expression maximum is
For
Mekk1
∆KD hematopoietic stem cells reconstitute lethally irradiated hosts. Figure 5A ). To examine whether Mekk1 is required for the ability of
FLMs to bind erythroblast we used a recently described macrophage-erythroblastcoculture assay 21 . E13.5 fetal livers were partially digested with collagenase and FLM were selectively allowed to bind to a substrate for a short term incubation. The Figure 5C ). Next, we analyzed whether the phagocytic ability of the FLMs was impaired, using an in vitro phagocytosis assay. The ability of Mekk1
∆KD
Jnk2
-/-FLMs to engulf latex beads was not inferior to FLMs from wt embryos ( Figure   5D ). Moreover, transmission electron microscopy of E13. The accumulation of partly degraded DNA appeared specific to the liver, since we observed no increase of apoptotic foci in any other tissue (including; brain, lung, heart, kidney, intestine and extremities), (data not shown). 
Discussion
We have discovered a new physiological function for the MAPK pathway in embryonic development. In the present study we provide evidence, strongly suggesting that MEKK1-JNK signaling is required for degradation of nuclear DNA extruded from erythroid precursors, during the late stages of definitive erythropoiesis in the fetal liver.
Several targeted gene approaches have been used to evaluate the biological function of the JNK signaling pathway in mice. The first studies in which the JNK genes were individually disrupted produced mice that appeared morphologically normal, suggesting that the JNK genes were able to complement each other in most tissues. Interestingly, the phenotype of mice lacking DNaseII (a lysosomal DNase in macrophages) is almost identical to Mekk1 ∆KD and Mekk1 ∆KD Jnk2 -/-embryos.
DNaseII
-/-mice die before birth, suffer from severe anemia and exhibit accumulation of erythroblasts that fail to undergo enucleation 8, 9 . This anemic phenotype is a consequence of macrophages failing to aid in digestion of nuclear DNA expelled from erythroblasts during definitive erythropoiesis 8 . In our study fetal livers from 
